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Cyclic hydroxamic acids derived from o-amino acids
1. Regioselective synthesis, structure, NO-donor
and antimetastatic activities of spirobicyclic hydroxamic acids
derived from glycine and pL-alanine
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The reactions of glycine hydroxamic and pL-alanine hydroxamic acids with triacetonamine
are chemoselective and afford 1-hydroxy-7,7,9,9-tetramethyl-1,4,8-triazaspiro[4.5]decan-2-
one (3) and (%)-1-hydroxy-3,7,7,9,9-pentamethyl-1,4,8-triazaspiro[4.5]decan-2-one (4), re-
spectively. The X-ray diffraction study showed that compound 3 crystallizes as a solvate with
MeCN (1 :1). As shown by ESR measurements, spiro hydroxamic acids 3 and 4 are NO donors
in in vitro biological systems. The NO-donor activity of compounds 3 and 4 was found to be
substantially higher in the presence of DMSO. Homologue 4 is a stronger NO donor than 3.
Compound 4 also exhibits high antimetastatic activity (81%) on the B16-melanoma model.
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Hydroxamic acids (HA, R"CONROH) exhibit a broad
spectrum of biological activities,! in particular, they in-
hibit experimental tumor growth.2 Hydroxamic acids are
also known as inhibitors of metalloenzymes (for example,
of matrix metalloproteinases® and histone deacetylases?)
involved in various pathophysiological processes. In addi-
tion, under particular conditions, HA generate nitric oxide
(NO)15 involved in different biological processes, 9 includ-
ing malignant tumor development.”

Previously, we have shown that the reactions of gly-
cine hydroxamic (GlyHA) and pr-alanine hydroxamic
(pL-AlaHA) acids with simple ketones afford 3-hydroxy-
imidazolidin-4-one derivatives la—f (see Refs 8§ and 9)
and 2,19 respectively. Like the reactions of B-alanine hy-
droxamic acid with ketones, 1 the above-mentioned reac-
tions involve the chemoselective N, N'-type cycloconden-
sation giving rise to cyclic hydroxamic acids (CHA).
The structures of monocyclic HA 1a (see Ref. 8) and 2
(see Ref. 10) and spirobicyclic HA 1e (see Ref. 9) were
established by X-ray diffraction.

In the present study,!? we examined the possibility of
performing the regioselective synthesis of spirobicyclic HA
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of this series using the cyclocondensation of GlyHA and
pL-AlaHA with functional y-amino ketone, viz., triacet-
onamine (TAA), and made a comparative estimate of the
activity of the homologues as NO donors and inhibitors
of experimental tumor metastasis to reveal the struc-
ture—activity relationship.

The choice of TAA as the reaction component was
determined by the following factors: 1) the presence of an
additional endocyclic amino group leads to an increase in
the solubility of the resulting CHA in water; 2) the combi-
nation of the lipophilic tetramethyl-substituted piperidine
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heterocycle and the hydrophilic hydroxamic group in the
molecule should increase the amphiphilicity of CHA, thus
facilitating the transport of the molecule through biologi-
cal membranes; 3) the restriction of the conformational
flexibility of CHA molecules due to the presence of the
spirobicyclic system is favorable for the affinity of CHA as
a ligand for its biological target or the activating system
and assists in modeling the activity of CHA;3 4) the use of
symmetrical ketones in the reaction with AlaHA excludes
the formation of an additional asymmetric center and,
correspondingly, diastereomeric reaction products.

Results and Discussion

Synthesis of and spectroscopic data for acids 3 and 4.
The reactions of GlyHA and pL-AlaHA with TAA were found
to give homological spirobicyclic HA 3 and 4, respectively
(Scheme 1), like the reactions of GlyHA and pL-AlaHA
with trivial ketones.3—1? The reactions occur under rela-
tively mild conditions, give products in high yields (75 and
80%, respectively), and are self-catalyzed in EtOH (like
the reactions giving rise to la—f in MeOH (27—55%)3°
or 2 in an excess of ketone (83%)19). The mechanism of
this type of reactions has been considered earlier.?
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The structures of CHA 3 and 4 were confirmed by IR
and NMR spectroscopy (c¢f. Refs 8 and 9 for 1a—f). Broad-
ened bands at 2800—2550 cm~! in the IR spectra (KBr)
and the positive test reactions with FeCl; confirm the
presence of the exocyclic OH group in compounds 3 and 4.
This is indicative of the N, N"-type cyclocondensation giv-
ing rise to CHA (—CO—NR—OH), unlike the possible
alternative N,0-type cyclocondensation producing cyclic
hydroxamate (—CO—NH—OR).

In the 13C NMR spectra, the chemical shifts of the
carbon atom C(5) of compounds 3 (8¢ 79.6) and 4

(3¢ 80.3) correspond to the tetrahedral rather than to the
trigonal configuration of the carbon atom.8:!1 This con-
firms the spirobicyclic structure of the reaction products
and rules out the structure of the corresponding azome-
thines.?

The 'H and 13C NMR spectra of compounds 3 and 4
(in CD;0D or DMSO-dg) show no signals of azome-
thine forms, which rules out the ring-chain tautomer-
ism slow on the NMR time scale.!! The tautomerism be-
tween the hydroxy amide and hydroxy nitrone forms
(0O=C—N—OH === HO—C=N-0) of acids 3 and 4
fast on the NMR time scale is not observed as well. This is
evident from a comparison of the chemical shifts of the
carbonyl carbon atoms in the 13C NMR spectra of com-
pounds 3 (DMSO-dg4, 8¢, 171.2) and 4 (CD;0D, &,
174.4) and the corresponding model compounds existing
in fixed tautomeric forms, viz. 1,2,2,5,5-pentamethyl-3-
methoxyimidazolidin-4-one (O=C—N-OMe, DMSO-dg,
8¢ 170.1; MeOH, 8¢ 171.1) and its 4-methoxynitrone form
(MeO—C=N-0, DMSO-dg, 5. 150.5; MeOH, 5 156.7).13

X-ray diffraction study of acid 3. The elemental analy-
sis and the 'H and 13C NMR spectra showed that CHA 3
was prepared as an individual compound, whereas CHA 4
was isolated as a crystal solvate with dioxane (in a ratio
of 2:1). The crystallization of 3 from MeCN afforded
transparent crystals, which are (before drying in vacuo)
a solvate with MeCN (in a ratio of 1 : 1), as was establised
by X-ray diffraction (Fig. 1).

As a continuation of our research on the structures of
3-hydroxyimidazolidin-4-one derivatives,3? in the present
study we investigated the structure of acid 3 and compared
it with the previously studied analogs of the glycine series
(acid 1a (see Ref. 8) and le (see Ref. 9)). (For con-
venience of the comparison, we used the common atomic
numbering scheme for the heterocycles in 1a, le, and 3
(see Fig. 1)).

N(10) Y cO  C@®)

Fig. 1. Molecular structure of formally achiral acid 3 (illustrated
by the (I/R)-configurational enantiomer) with displacement el-
lipsoids drawn at the 50% probability level.
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The conformation of the five-membered ring can quan-
titatively be estimated from the following ring-puckering
parameters: !4 the pseudorotation phase angle (P) and the
puckering amplitude (t,,,) can be calculated, in particular,
from the endocyclic torsion angles (ty—t,). The phase
angle reflects also the chirality of the five-membered ring!5
of the N type (North, Py = 0(360) + 90°, 1, > 0) or the
S type (South, Pg = 180£90°, 1, < 0).

According to this analysis, the imidazolidine ring of
the enantiomeric N type in the structures of the previously
studied CHA 1a (Py = 44.4°, 1, = 31.4°)8 and 1e (Py =
=438°,1,= 33.7°)% adopts the conformation intermedi-
ate between the ideal envelope ¢ E (Py = 54°, 1, = 0,
[tol = 1y, [13] = 14 = 1,,,) characteristic of imidazolidines in
the isolated state!® and the ideal half-chair N(D¢ o, T
(PNn=36°1=1<0,1,=1>0,1<0, 3 =1,
(Scheme 2). Correspondingly, the S-type heterocycle of
molecules 1a and 1e in the crystal structures has the enan-
tiomeric form intermediate between the envelope confor-
mation CDE (Pg=234°, 1, =0, 1) = |1], 13 = 14| = 1)
and the half-chair conformation CQ)N(IQ)T (Pg=216°, 1,
=1,>0,1,=14,<0, 13 >0, 13 = 1,,).%9 By contrast, the
less puckered (1, = 28.8°) N-type enantiomeric form of
the imidazolidine heterocycle (P = 33.0°) in 3 (see Fig. 1)
corresponds almost exactly to the conformation N(I)C]\SQ) T,
but it is slightly distorted toward the ideal envelope N(DE
(Py=18%1,=0, |t)| = 14, T, = |15 = 1,,), the latter being
the conformation that is typical of the y-lactam ring in the
crystals.!” Correspondingly, the S-type enantiomeric form
of the heterocycle in acid 3 (Pg = 213°) is close to the
conformation “)y;,T and is distorted toward the con-
formation ;) E (Ps= 198°, 15 = 0, 1) =1y, [ty = 15= 1,).
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The characteristic feature of the molecular structure of
3 in the crystal is also that the hydroxamic fragment

Table 1. Selected torsion angles in molecule 3

Angle Value//deg
C(5)—N(1)—C(2)—N(3) (t3) —27.5(2)
C(2)—N(1)—C(5)—C(4) (1) 24.2(2)
C(6)—C(2)—C(7)—C(8) (99) 52.8(2)
C(7)—C(2)—C(6)—C9) (61) =51.7(2)
O(1)—N(3)—C(4H)—0(2) (Pexo) 4.4(2)
N(3)—C(4)—C(5)—N() (7) —10.2(2)
C(2)—NEB)—C(4)—C(5) (1) —8.1(2)
C(2)—C(6)—C(9)—N(10) (v,) 47.8(2)
N(1)—C(2)—N(3)—C(4) (14) 22.9(2)
C(2)—C(7)—C(8)—N(10) (d5) —49.9(2)
C(7)—C(8)—N(10)—C(9) (v4) 47.4(2)
C(6)—C(9)—N(10)—C(8) (¢3) —46.4(2)

O(1)—N(@3)—C(4)—0(2) (9,y, = 4.4(2)°, Table 1) and
the joint endocyclic angle C(2)—N(3)—C(4)—C(5) (1, =
= —8.1°, see Table 1) are less twisted compared to the
corresponding substantially nonplanar fragments of mole-
cules 1a (@,,, = 19.3°, 1y = —14.9°)8 and 1e (¢,,, = 17.9°,
19 = —15.6°).% Unlike 1a and le, in which the amide nitro-
gen atom is slightly pyramidalized®® (ZoN(3) = 350.8°
(1a) and 350.9° (1e)), the amide nitrogen atom in mole-
cule 3 has a virtually planar configuration (ZoN(3) =
= 358.8°, Table 2). As a consequence, the exocyclic
O(1)—N(3)—C(2) and O(1)—N(3)—C(4) bond angles in
molecule 3 are larger (see Table 2) than the corresponding
angles in 1a (117.7(2)° and 119.7(2)°, respectively)®
and le (118.1(1)° and 120.0(1)°).2 A larger increase
in the O(1)—N(3)—C(4) bond angle compared to the
O(1)—N(3)—C(2) bond angle in molecule 3 is apparent-
ly associated with the fact that the flattening of the
0O=C—N—O fragment leads to an increase in the torsion-

Table 2. Bonds angles in molecule 3

Angle w/deg Angle w/deg
C(2)—N(1)—C(5) 105.5(1) C(7)—C(8)—C(11) 112.5(1)
N(1)—C(@2)—N(@3) 101.6(1) C(7)—C(®)—C(12) 109.1(1)
N(1)—C@2)—C(6) 112.9(1) C(11)—C(8)—C(12)  108.0(1)
N(1)—C(@2)—C(7) 113.6(1) N((10)—C(8)—C(11) 111.1(1)
N(@B)—C((2)—C(6) 108.2(1) N(10)—C(8)—C(12) 105.5(1)
N@B)—C@2)—C(7) 109.9(1)  C(6)—C(9)—N(10) 110.6(1)
C(6)—C(2)—C(7) 110.1(1) C(6)—C(9)—C(13) 111.9(1)
O(1)—N@B)—C(2) 120.5(1) C(6)—C(9)—C(14) 109.2(1)
O(1)—N@B)—C@4) 124.6(1) NI0)—C(9)—C(13) 111.2(1)
C(2Q)—N(@3)—C@) 113.7(1) N10)—C(9)—C(14) 105.4(1)
0Q2)—C(4)—N(3) 126.8(1) C(13)—C(9)—C(14) 108.3(1)
0(2)—C4)—C(5) 127.8(1)  C(8)—N(10)—C(9) 118.6(1)
N(@B)—C@)—C(5) 1054(1) CQ2)—N(1)—H(IN) 106.8

N(1)—C(5)—C@4) 106.0(1) C(5)—N(1)—H(IN) 104.0

C(2Q)—C(6)—C(9) 114.9(1) C(8)—N(10)—H(10N) 105.5

CQQ)—C(7)—C(8) 114.7(1)  C(9)—N(10)—H(10N) 104.2

C(7)—C(8)—N(10) 110.4(1)  N(I1S)—C(1S)—C(2S) 178.4(2)
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al strain and the dipole-dipole repulsion between the
cis-oriented dipoles of the exocyclic C=0 and N—O bonds.

It should be noted that the syn-periplanar (sp) twist of
the hydroxamic fragment in 1a, le, and 3, as opposed to
acyclic!® hydroxamic acids, is responsible for the helical
chirality of P-type (plus, ¢,, > 0) or M-type (minus,
Ppro < 0) molecules!? associated with the chirality of the
enantiomeric conformation of the N-type (t, > 0) or
S-type (1, < 0) imidazolidine ring, respectively.

A decrease in the twisting of the hydroxamic frag-
ment and an increase in the planarity of the amide atom
N(3) in 3 should be accompanied by an increase in the
nn-1*(C=0)-amide conjugation, which is reflected in
a considerable elongation of the O(2)=C(4) bond and
a shortening of the N(3)—C(4) bond in molecule 3
(Table 3) compared to 1a (1.225(3) and 1.343(3) A, re-
spectively)8 and 1e (1.218(2) and 1.342(2) A),? as well as
to the mean C=0 bond length (1.232(1) A) in the planar
amide group of y-lactams in crystals.!’

According to the classical theory of resonance
(O=C—NR—OH « O~—C=NR*—OH), the strength-
ening of the ny-n*(C=0)-amide conjugation is accompa-
nied by an increase in the positive charge on the nitrogen
atom, which should, in turn, lead to the strengthening of
the bond between the N(3) atom and the more electro-
negative O(1) atom and the weakening of the bond be-
tween this nitrogen atom and the less electronegative
C(2) atom.2® Actually, the corresponding changes in the
O(1)—N(3) and C(2)—N(3) bond lengths are observed in
the structure of 3 (Table 3) compared to the analogous
bond lengths in 1a (1.394(3) and 1.484(3) A, respective-
ly)8 and 1e (1.391(1) and 1.474(2) A).? It should be noted
that the C(2)—N(3) bond in molecules 1a, le, and 3 is
substantially longer than the mean N—Cgbond (1.455(1) A)
in y-lactams in crystals,” which is also attributed to the
contribution of the ny(;y—6*¢()—n(3) anomeric interac-
tion17 with the involvement of the pseudoequatorial (pseu-
do-e) lone pair (LP) of the N(1) atom (¢ (LPny—N()—
—C(2)—N(3)) =—152.5°(1a),8 —157° (1e),? —152.4° (3)).

Interestingly, the imidazolidine ring in molecule 3 is
characterized by a decrease in the endocyclic bond angles

Table 3. Bond lengths in molecule 3

Bond d/A Bond d/A

O(1)—N@3) 1.375(2) C(7)—C(8) 1.537(2)
N(H—C(2)  1.473(2) C(8)—N(10) 1.504(2)
N()—C(5)  1.478(2) C(®)—C(11) 1.534(2)
0Q)=C(4) 124202 C(8)—C(12) 1.534(2)
C(2)—N(3) 1.491(2) C(9)—N(10) 1.506(2)
C(2)—C(6) 1.534(2) C(9)—C(13) 1.529(2)
C12)—C(7) 1.525(2) C(9)—C(14) 1.531(2)
NG)—C4)  1.337(2) N(I1S)—C(1S)  1.138(2)
C@4)—C(5)  1.51902) C(I1S)—C(2S)  1.458(2)

(C(2)—N(3)—C(4) and N(3)—C(4)—C(5)) and by an in-
crease in the exocyclic bond angles (O(2)—C(4)—N(3)
and O(2)—C(4)—C(5)) (see Table 2) compared to the cor-
responding mean bond angles in the y-lactam ring in the
crystals (o(Cg—N—C(0)) = 114.9(1)°, o(N—C(0)—C,) =
= 108.4(1)°, ®(0O=C—N) = 125.8(1)°, o(0O=C—C,) =
125.7(1)°).17

Another consequence of the change in the conforma-
tion of the imidazolidine ring and a decrease in the twist-
ing of the hydroxamic fragment is that the mutual frans
orientation of the polar N(1)—C(2) and N(3)—O(1) bonds
(¢(N(1)—C(2)—N(3)—0(1)) = —169.5°) in 3 substan-
tially differs from the corresponding parameters in mole-
cules 1a (175.2°)8 and 1e (177.2°)° of the same chirality in
the crystals. The mutual orientation of LP of the nitrogen
atoms N(1) and N(3) (¢(LPyy—N(1)...N(3)—LPy3)) =
= 155(1)°) in 3 is similar to the corresponding pseudotor-
sion angles in 1a (154°)8 and 1e (150°)? and corresponds
to the favorable antiperiplanar (ap) orientation of LP of
the geminal nitrogen atoms in aminals.2! It is interesting
that the mutual trans orientation of the dipoles of another
pair of the polar bonds (¢(O(2)—C(4)—C(5)—N(1)) =
= 170.4°) stabilizing the conformation of the heterocycle
in 3 undergoes much lesser changes compared to la
(174.9°)8 or 1e (174.5°).2

The piperidine ring of compound 3 in the crystal struc-
ture adopts a nearly ideal chair conformation (cf., ¢g—os,
Table 1; @(C(11)—C(8)...C(9)—C(13)) = 0.3(1)°,
o(C(12)—C(8)...C(9)—C(14)) = 1.0(1)°) and, accord-
ing to the general rule, is orthogonal to the imid-
azolidine ring (@(C(5)—N(1)—C(2)—C(6)) =
= 88.2(2)°, ¢(C(6)—C(2)—N(3)—C(4)) = —96.2(2)°),
like the cyclopentane ring in le (87.2° and —89.8°, res-
pectively).?

According to the known Thorpe—Ingold effect,22
the fact that the endocyclic C(8)—N(10)—C(9) bond an-
gle in the six-membered ring is larger than the endocyclic
C(2)—N(1)—C(5) bond angle in the five-membered ring
of molecule 3 (see Table 2) corresponds to a decrease in
the degree of pyramidalization of the amine nitrogen atom
N(10) (ZoN(10) = 328.3°, see Table 2) compared to the
amine nitrogen atom N(1) (ZoN(1) = 316.3°, see Table 2)
exhibiting similar pyramidalization in molecules 1a
(317.2°)8 and 1e (315.0°).? The corresponding decrease in
the basicity of the N(1) atom compared to the N(10) atom
(due to the stronger s character of pseudo-e-LPy;, than
that of pseudo-e-LPy 9y, 9(C(7)—C(8)—N(10)—LPyy0)) =
= 174(1)°, @(C(6)—C(9)—N(10)—LPyyj9)) = —173(1)°)
of molecule 3 in the crystal leads to a decrease in the
proton-withdrawing ability of the N(1) atom compared to
the N(10) atom. Apparently, this fact facilitates the for-
mation of the strong intermolecular O(1)—H(10)...N(10)
hydrogen bond (Table 4, Fig. 2), as opposed to the struc-
tures of 1a and 1e, in which there is the strong intermolecular
O(1)—H(10)...N(1) hydrogen bond (d(O(1)...N(1)) =
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Fig. 2. Fragment of the crystal packing of acid 3 projected onto the crystallographic plane ab. The hydrogen atoms, which are not
involved in hydrogen bonding, are not shown. The hydrogen bonds are indicated by dashed lines. The geometric parameters of the

intermolecular hydrogen bonds are given in Table 4.

= 2.679 and 2.693 A, respectively).8? The N(1) atom,
which competes with N(10) as the acceptor of the proton
H(10), does not form hydrogen bonds with protons in the
crystal structure of 3.

According to the above-considered scheme of reso-
nance, an increase in the amide conjugation in the hy-
droxamic fragment should also lead to an increase in the
negative charge on the carbonyl oxygen atom O(2), which
increases its proton-withdrawing ability. Apparently, this
facilitates the involvement of the carbonyl oxygen atom
into two weak intermolecular N—H...O=C hydrogen
bonds with the pseudo-a protons H(IN) (o(H(IN)—
N(I)—C(2)—N(3)) = 83(1)°, o(H(IN)—N(1)—C(5)—
C(4)) = —88(1)°) and H(10N) (o(C(11)—C(8)—N(10)—
H(10N)) = 166(1)°, o(C(13)—C(9)—N(10)—H(10N)) =
= —165(1)°) of both endocyclic amino groups in the crys-
tal structure of 3 (see Table 4, Fig. 2). In addition,
the proton H(10N) is involved in the intermolecular
N(10)—H(10N)...N=C—Me hydrogen bond with the sol-
vent molecule (see Table 4).

Table 4. Parameters of D—H...A hydrogen bonds formed by mol-
ecules 3 in the crystal structure

D—H A d(D—H) d(H...A) d(D...A) o(D—H...A)
A /deg

O(1)—H(10) N(10)! 0.81 1.76  2.563(2) 170

N(D)—H(IN) 0()i 0.89 2.28  3.146(2) 163

N(10)—H(I0N) O(2)ii 090  2.54 3.053 116
N(10)—H(10N) N(IS) 0.90  2.54 3.355(2) 151

Note. Symmetry codes: (i) 0.5 —x, —0.5+y, 1.5—z; (il) —x + 1,
—y+1,—z+1; (i) 0.5—x,05+y,1.5—z

As a consequence of the increase in the amide reso-
nance and the involvement of the carbonyl group in two
intermolecular hydrogen bonds, the stretching vibrations
of this group in the IR spectrum (KBr) of 3 (v(c=) = 1669
and 1652 cm™!) are lower than those of 1a (Vic=0) =
= 1697 cm~!)8 and 1e (v(c—oy = 1716 and 1696 cm~!),°
which is evidence of a strengthening of hydrogen bonds
with the carbonyl group.

Like in the crystal structures of 1a8 and 1e,? the intra-
molecular O(1)—H(10)...0(2)=C(4) hydrogen bond in the
crystal structure of 3 is absent (d(H(10)...0(2)) = 2.866(2) A)
because the O(1)—H(10) bond is non-coplanar with the
plane of the amide group (¢(H(10)—O(1)—N(3)—C4) =
= 30(1)°).

A comparison of the crystal structures of monocyclic
HA 1a (space group P2,2,2,,Z=4)3and 2 (P2,/c, Z= 8)10
and spirobicyclic HA 1e (P2,/n, Z = 4)? shows that these
structures have an identical system of intermolecular hy-
drogen bonds, viz., a strong O—H...N(1) hydrogen bond
and a weak N(1)—H(IN)...O=C hydrogen bond. At the
same time, the presence of the additional donor-with-
drawing NH group results in a different system of inter-
molecular hydrogen bonds in the crystal structure of acid
3(P2/n, Z=4).

Thus, the weak intermolecular N(1)—H(1N)...0O=C
hydrogen bond and the strong intermolecular O—H...N(1)
hydrogen bond in the crystal structure of spirobicyclic HA
le (see Ref. 8) give rise to infinite chains formed by the
homochiral and heterochiral molecules, respectively.
However, in the crystal structure of spirobicyclic HA 3,
pairs of the weak N(1)—H(1N)...O=C hydrogen bonds
are involved in the formation of racemic dimers (Fig. 3),
whereas the strong intermolecular O—H...N(10) hydro-
gen bond and the N(10)—H(10N)...O=C hydrogen bond
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Fig. 3. through the

Centrosymmetric dimer formed
C=0...H(IN) bond in the crystal structure of acid 3. The atoms
labeled A are related to the unlabeled atoms by the symmetry
operation —x + 1, —y + 1, —z + 1.

give rise to infinite chains formed by the molecules of the
same chirality (Fig. 4).

Investigation of the NO-donor activity of acids 3 and 4.
Previously, the ability of hydroxamic acids (as exemplified
by aceto- and aromatic HA)S to release NO in in vitro
biological systems has been demonstrated by the NO-me-
diated activation of the iron-containing enzyme guanylate
cyclase by measuring the activity of the enzyme>? or the
relaxation of the rat aorta.? It was also shown that NO
produced during metabolism of organic nitrates in liver
tissues of animals is bound by iron-containing proteins of
this biological system to form, in particular, heme iron
nitrosyl complexes (heme NO complexes),23? which are
detected by ESR spectra swith the characteristic triplet
splitting and the g factor of the signal equal to 2.01.23

In the present study, the NO-generating activity of
CHA 3 and 4 in in vitro biological systems was investigat-
ed?4 by ESR spectroscopy. The ESR spectra of samples,
which were obtained by the incubation of the biomass
(liver tissues of animals) with aqueous solutions of CHA 3
or 4, show a weak signal of the heme NO complex with the

Fig. 4. Homochiral chain formed through O—H...N(10) and
C=0...H(10N) bonds in the crystal structure of acid 3. The at-
oms labeled A and B are related to the unlabeled atoms by the
symmetry operations 0.5 — x, 0.5 + y, 1.5 — z and 0.5 — x,
—0.5 +y, 1.5 — g, respectively. The methyl groups are omitted.

gfactor of 2.007 complicated by the superposition with the
stronger signal of flavo- and ubisemiquinones (g = 2.003).
The low intensity of the ESR signal of the heme NO com-
plexes, which has the maximum value for samples incu-
bated for 3 h, is indicative of the weak NO-donor activity
of acids 3 and 4 in an aqueous medium of the biological
systems. At the same time, samples, which were prepared
by the addition of solutions of 3 or 4 in DMSO to the
biomass followed by the incubation for 3 h, give much
more intense (by almost an order of magnitude) signals of
the heme NO complexes (Fig. 5) compared to samples of
the biological systems incubated in an aqueous medium
during the same period of time. This is indicative of
a substantial increase in the NO generation by acids 3 and 4
in the biological system containing DMSO (~10% v/v)
compared to the NO generation by these acids in an aque-
ous medium of the biological system. Apparently, this ef-
fect is associated with an increase in the membranotropic
activity®® or the oxidative3® biotransformation of com-
pounds 3 and 4 in the biological system in the presence of
DMSO. It should be noted that the NO-donor activity of
acid 4 is ~60% higher than that of 3 (see Fig. 5).

Evaluation of the of antitumor and antimetastatic activ-
ities of acids 3 and 4. Previously, it has been shown for
organic nitrates25 that NO donors can enhance the antitu-
mor activity of known cytostatic agents and inhibit the
experimental tumor metastasis. In the present study, we
examined the antitumor and antimetastatic activities of
acids 3 and 4 on the tumor models P388 leukemia and B16
melanoma, respectively.

Actually, the combined use of acid 3 (or 4) and an
antitumor cytostatic agent results in an increase in the

H=2mT

!
g=2.007

Fig. 5. ESR spectra of samples of the biomass after 3 h incuba-
tion with solutions of acids 3 (/) and 4 (2) in DMSO at the final
concentration of 5+ 10~3 mol L1,
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Table 5. Antileukemic effect of the combined action of acids 3
and 4 and antitumor cytostatic agents on the P388 leuke-
mia model

Agent Time of Dose 1LS* (%)
administ- /mg kg~!
ration/days

3 1-7 330 2.8
Cisplatin 1-7 1.2 157
3 + Cisplatin 1-7 330 + 1.2 224
Doxorubicin 1-7 1.5 108
3 + Doxorubicin 1—7 330 + 1.5 141
4 1-7 400 0
Methotrexate 1—7 1.0 118
4 + Methotrexate 1-7 400+1.0 183

* ILS is the increase in the average life span.

antileukemic activity of the latter by 30—55% compared
to its individual inhibiting activity (Table 5).

A comparative evaluation of the antimetastatic activi-
ty of non-toxic compounds 3 and 4 showed that the race-
mic acid of the alanine series (4) much actively inhibits
the metastasis of B16 melanoma (the index of metastasis
inhibition (IMI), 81%) than the achiral acid of the glycine
series (3) (IMI, 12%) (Fig. 6).

To sum up, we showed that the reactions of GlyHA
and pL-AlaHA with triacetonamine occur analogously to
the reactions with simple ketones via the N,N’-type
chemoselective cyclocondensation. According to the X-ray
diffraction data and the IR and NMR spectra, acids 3 and
4 in crystals and in solution, like the previously studied
compounds 1a—f (see Refs 8§ and 9) and 2 (see Ref. 10) of
this class, exist in the hydroxyamide tautomeric form, the
hydroxynitrone or azomethine tautomeric forms being vir-
tually absent.

It was shown for the first time that CHA 3-hydroxyim-
idazolidin-4-ones are NO donors and inhibitors of experi-

IMI (%)

80

60 |

40 b

20

3 4

Fig. 6. Inhibition of experimental B16 melanoma metastasis dur-
ing therapy with acids 3 and 4 (the dose was 200 mg kg~!;
the times of administration were 2—=8 days).

mental tumor metastasis, CHA of the alanine series being
more active than the homologue of the glycine series.

Experimental

The IR spectra of samples pressed in KBr pellets were recor-
ded on a Specord-82M spectrophotometer in the 400—4000 cm™!
range. The NMR spectra were measured on a Bruker WM-400
spectrometer operating at 400.14 MHz (*H) and a Bruker AC-200
spectrometer operating at 50.32 MHz (!3C). The 'H and '3C
chemical shifts were measured with respect to SiMe, and the
solvent, respectively, as the internal standard. The melting points
were determined on a Boetius micro hot-stage apparatus. The
elemental analysis was carried out in the Analytical Laboratory
of the Institute of Problems of Chemical Physics of the Russian
Academy of Sciences. The ESR spectra were recorded at 77 K
on a Varian E-104 spectrometer at a microwave power of 10 mW
with 1 mT modulation of magnetic field. The solvents were puri-
fied and dried according to standard procedures. The starting
compounds, viz., aminoacetic acid N-hydroxyamide (GlyHA)
and pL-2-aminopropionic acid N-hydroxyamide (pL-AlaHA),
were synthesized according to known procedures.26

Synthesis of hydroxamic acids 3 and 4 (general method). The
hydroxamic acid GlyHA or pL-AlaHA (30 mmol) was added to a
solution of triacetonamine (2,2,6,6-tetramethylpiperidin-4-one)
(38 mmol) in anhydrous EtOH (70 mL). The resulting suspen-
sion was refluxed until the reagent was dissolved (1—1.5 h).
Then the mixture was cooled to 20°C and passed through a thin
layer of Al,O5 (neutral, Brockman II). The solvent was evapo-
rated in vacuo. The residue was crystallized from MeCN (or
dioxane) and dried in vacuo (1 Torr).

1-Hydroxy-7,7,9,9-tetramethyl-1,4,8-triazaspiro[4.5]de-
can-2-one (3). The yield was 75%, white powder, m.p.
148—150 °C (from MeCN). Found (%): C, 57.92; H, 9.09;
N, 18.78. C;;H,N;0,. Calculated (%): C, 58.12; H, 9.31,
N, 18.49. IR (KBr), v/em~1: 3302 (NH), 3030 (NH), 2988 (CH),
2959 (CH), 2940 (CH), 2860 (CH), 2758 (br, OH), 2665
(br, OH), 2600 (br, OH), 1669 (C=0), 1652 (sh, C=0), 1504,
1456, 1448, 1379, 1358, 1349, 1241, 1221, 1204, 1168, 1068,
849, 668. 'TH NMR (CD;0D), &: 1.21 (s, 6 H, 2 Me); 1.45 (s, 6 H,
2 Me); 1.62 (d, 2 H, CH,HCMe,, 2J = 13.6 Hz); 1.75 (d, 2 H,
CH,HzCMe,, 2J = 13.6 Hz); 3.32 (s, 2 H, CH,N). 'H NMR
(DMSO-dg), &: 1.09 (s, 6 H, 2 Me); 1.28 (s, 6 H, 2 Me); 1.40
(d,2 H, CH\HzCMe,, 2J = 13.5 Hz); 1.45 (d, 2 H, CH,HzCMe,,
2J=13.5 Hz); 3.10 (m, 3 H, CH,NH). 3C NMR (DMSO-dy),
8: 29.2 (q, 2 C, CMepMeg, 'J = 126.8 Hz); 35.3 (q, 2 C,
CMeyMeg, 'J = 124.6 Hz); 41.3 (t, 2 C, CH,, 'J = 129.8 Hz);
45.1 (t, CH,N, IJ = 142.9 Hz); 50.3 (m, 2 C, CMe,); 79.6
(m, NCN); 171.2 (m, C=0).

(+)-1-Hydroxy-3,7,7,9,9-pentamethyl-1,4,8-triazaspiro-
[4.5]decan-2-one (4). The yield was 80%, white powder (solvate
with dioxane in a stoichiometric ratio of 2 : 1), m.p. 110—112 °C
(from dioxane). Found (%): C, 59.07; H, 9.87; N, 14.95.
C,H3N30,:0.5C4HgO,. Calculated (%): C, 58.92; H, 9.54;
N, 14.72. IR (KBr), v/cm~!: 3274 (NH); 3039 (NH); 2962 (CH);
2934 (CH); 2869 (CH); 2795 (br, OH); 2665 (br, OH); 2611
(br, OH); 1680 (sh, C=0); 1670 (C=0); 1660 (sh, C=0); 1536,
1487, 1456, 1371, 1361, 1227, 1204, 1122, 1104, 998. 'H NMR
(CD30D), 8:1.19 (s, 3H, Mey); 1.22 (s, 3 H, Meg); 1.31(d, 3 H,
CHMe, 3/ = 7.1 Hz); 1.45 (s, 3 H, Me(); 1.48 (s, 3 H, Mep);
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1.62 (s, 2 H, CH,, Avag —0); 1.63 (d, | H, CHyHp, 2/ =13.1 Hz);
1.89 (d, 1 H, CHsHg, 2/ = 13.1 Hz); 3.45 (g, 1 H, CHMe,
3J = 7.0 Hz); 3.65 (s, 4 H, dioxane). 'H NMR (DMSO-dy), 8:
0.99 (s, 3 H, Me,); 1.01 (s, 3 H, Meg); 1.17 (d, 3 H, CHMe,
3J = 7.0 Hz); 1.28 (s, 3 H, Meg); 1.30 (s, 3 H, Mep); 1.32
(d, 1H, CH Hp, 2/=13.5Hz); 1.40 (d, 1 H, CH,Hp, 2= 13.5 Hz);
1.47 (d, 1 H, CHcHp, 2J = 13.6 Hz); 1.57 (d, 1 H, CHcHp,
2J=13.6 Hz); 2.61 (d, 1 H, NH, 3J=10.1 Hz); 3.23 (m, | H,
CHMe); 3.55 (s, 4 H, dioxane). 13C NMR (CD;0D), &: 17.4
(dq, CHMe, 'J = 127.7 Hz, 2J = 3.8 Hz); 28.6 (qm, CMe,,
IJ = 126.8 Hz); 28.8 (qm, CMeg, 'J = 126.8 Hz); 34.7 (qm,
CMec, 'J = 125.1 Hz); 34.9 (qm, CMep, 'J = 125.1 Hz); 40.8
(t, CH,, /= 126.8 Hz); 45.3 (t, CH,, !/ = 126.8 Hz); 53.0 (dq,
CHMe, 'J=144.9 Hz, 2J = 4.0 Hz); 53.2 (brs, 2 C, 2 CMe,);
68.4 (s, dioxane); 80.3 (m, NCN); 174.4 (m, C=0).

X-ray diffraction study was carried out at 120 K, crystals of 3
(C1H, N30, C,H3N, M = 268.36) were grown by crystal-
lization from acetonitrile, monoclinic, space group P2;/n,
a=28.3539(4), b=13.5768(7), c = 12.6197(7) A, B = 90.263(5)°,
V= 143130(13) A3, Z= 4 (Z = 1), dgy = 1.245 g cm™3,
w(MoKo) = 0.86 cm™!, F(000) = 584. The intensities of 20893
reflections were measured at 120 K on a SMART 1000 CCD
diffractometer (M(MoKa) = 0.71072 A, o-scanning technique,
26 < 58°), and 3802 independent reflections (R;, = 0.0293) were
used in the refinement. The structure was solved by direct meth-
ods and refined by the full-matrix least-squares method with
anisotropic displacement parameters based on F 2h - The hydro-
gen atoms of OH and NH groups were located in difference
Fourier maps. The H(C) atoms were positioned geometrically.
All hydrogen atoms were refined isotropically using a riding model.
The final R factors for 3 were R; = 0.0526 (calculated based on
Fyy, for 2990 reflections with /> 26([)), wR, = 0.1353 (calculat-
ed based on F2,,, for all 3802 reflections), the number of refined
parameters was 173, GOOF = 1.002. The calculations were car-
ried out with the use of the SHELXTL 5.10 program package.2’

Studies of the NO-donor activity of acids 3 and 4 in vitro were
carried out on liver tissues of Balb mice with a weight of 22—25 g,
which were housed in a vivarium and provided water and food
ad libitum. Mice were sacrificed by cervical dislocation. The
liver was removed, sliced, and incubated with solutions of acids
3 and 4 in water or DMSO at room temperature to reach the
final concentration in the biological system of 5+10~3 mol L-!
and 10% (v/v) DMSO. Aliquots of liver tissues incubated with
aqueous solutions of acids 3 and 4 were taken each hour for 5 h;
aliquots incubated with solutions of these acids in DMSO were
taken at one hour intervals for 3 h. These aliquots were used to
prepare samples (d = 4 mm, & = 20 mm) according to a known
procedure?8 at 77 K for ESR measurements. The degree of NO
generation was estimated from the intensity of the signal of the
heme iron nitrosyl complexes in the ESR spectra.

Investigation of the antitumor and antimetastatic activities of
acids 3 and 4 was carried out using the tumor models P388
leukemia and B16 melanoma, respectively, on BDF hybrid mice.
The tumor transplantation was performed according to a stan-
dard procedure.?? Mice were injected intraperitoneally with
aqueous solutions of the samples. The doses and the times of
administration are given in Table 5 and Fig. 6. The overall toxic-
ity (LDsy) was determined on BDF hybrid mice with a single
injection of aqueous solutions of acids 3 and 4. The antileukemic
activity was assessed from the increase in the average life span
(ILS (%) = 100(T/T, — 1)), where T and T, are the measured

average life span (in days) of mice of the experimental and control
groups, respectively. The B16 melanoma-bearing mice were sac-
rificed 24 days after the tumor inoculation, the number of lung
metastases was calculated, and the index of metastasis inhibition
(IMI) was evaluated as IMI (%) = 100[1 — (A4-B)/(A.* B.)],
where A and A, are the frequency of metastasis in the experi-
mental and control groups, respectively, B and B, are the aver-
age number of metastases in the experimental and control groups,
respectively.
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